Abstract: This paper proposes a network splitting strategy following critical line outages based on N-1 contingency analysis. Network splitting is the best option for certain critical outages when the tendency of severe cascading failures is very high. Network splitting is executed by splitting the power system network into feasible set of islands. Thus, it is essential to identify the optimal splitting solution (in terms of minimal power flow disruption) that satisfies certain constraints. This paper determines the optimal splitting solution for each of the critical line outage using discrete evolutionary programming (DEP) optimization technique assisted by heuristic initialization approach. Heuristic initialization provides the best initial cutsets which will guide the optimization technique to find the optimal splitting solution. Generation-load balance and transmission line overloading analysis are carried out in each island to ensure the steady state stability is achieved. Load shedding scheme is initiated if the power balance criterion is violated in any island to sustain the generation-load balance. The proposed technique is validated on the IEEE 118 bus system. Results show that the proposed approach produces an optimal splitting solution with lower power flow disruption during network splitting execution.
Introduction
A reliable power system network is designed with the ability to withstand any contingency (single or multiple outages) occurring within the system. However, certain contingencies may contribute to severe cascading failures in the transmission line system that will cause the system to split and form few unbalanced islands. This phenomenon is known as unintentional islanding. Without proper planning of network splitting, such islanding will trigger instability issues in the system and consequently lead to partial or total system blackout. Most severe blackout cases which occur in many countries around the world are caused by cascading events initiated by single or multiple events [1] [2] [3] . For instance, severe disturbance that occurred in Northern Germany forced the system to split into three islands, and a significant imbalance between generation and load was noticed in each island [4] . This condition led to a severe instability problem in the system before it underwent system collapse. Therefore, network splitting (known as intentional islanding) is preferable to mitigate the occurrence of unintentional islanding due to cascading failures and system blackout. The implementation of this strategy was shown to be effective in various fault scenarios by mitigating further cascading tripping [5] . Network splitting is executed by splitting the network into several balanced and stable islands. Each of these islands should be able to operate on its own and continue supplying power to consumers even though the system is going through abnormal condition (due to the disconnected transmission lines). The most challenging part in the implementation of network splitting is to determine the suitable set of transmission lines to be disconnected to form balanced and stable islands. However, there are huge possible combinations of lines that can be considered to be disconnected. Furthermore, these combinations increase as the network size increases. This will cause the selection of a proper splitting point to become complicated and difficult. Therefore, finding optimal splitting points (cutsets) is important to avoid severe network imbalance after network splitting is implemented.
In recent years, various approaches to network splitting have been proposed. A popular method in identifying a suitable splitting strategy using ordered binary decision diagrams (OBDDs) together with a node simplification technique is introduced in [6, 7] . Steady state constraints that include coherent groups of generators, generation-load balance, and transmission line capacity are considered in this approach. Another technique using a slow coherency method is presented in [8] . This approach groups several coherent generators with similar dynamic behaviors in the same group during the splitting execution. The concept in [8] has been used considering the generation-load balance and other constraints in minimal cutsets with minimal power flow [9] and has also been used in a graph partition and simplification technique in [10] . Numerical approaches that utilize mathematical tools such as linear programming have also been proposed [11, 12] . The authors used mixed integer linear programming (MILP) [11] and a piecewise linear model of AC power flow [12] , taking into account the affected areas. A heuristic technique using Ant Search, a probabilistic search method, has also been proposed [13] . Steady state stability was determined using generation-load balance and transmission line loading. Some authors [14, 15] have proposed a meta-heuristic approach using conventional optimization to reduce computational complexity. The authors of [16] introduced an approach using a two-step controlled islanding algorithm. The proposed approach emphasizes minimal power flow disruption as an objective function. Another method that includes a list of possible control actions that can be executed during critical contingencies such as load shedding, generator rescheduling, and network splitting is presented in [17] . Through this approach, the operators can select the best scheme according to the level of the criticality of the contingency scenarios. However, this method does not consider the coherency of generators during splitting implementation. In addition, the approach uses manual contingency analysis to determine the critical contingency, which might be complicated and difficult as the system size increases.
The above-mentioned studies [8] [9] [10] [11] [12] [13] [14] provide network splitting solutions by combining offline and online calculation for real time implementation. These methods also simplify the original system before the splitting execution based on several rules and assumptions. Thus, the suitable solution for network splitting may not be able to be obtained. Worse still, the solution can lead to severe instability problems and system blackouts if the correct lines are not disconnected during network splitting execution. Since network splitting is a discrete problem in nature, the cutset lines for the splitting solution are represented by integer numbers (e.g., 1-2, 3-4, ..., etc.). Therefore, a continuous optimization technique [14, 15] that involves floating numbers during the mutation process may not be suitable for the splitting problems. Several methods [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] use minimal power imbalance as their objective functions in determining the best splitting solution. However, it was stated in [16] that minimal power flow disruption is the important criterion for the island to survive the separation. Minimal power flow disruption improves the transient stability in each island during the network splitting execution.
Different from the previous work, this paper proposes a new approach. The network splitting strategy proposed in this work is obtained following critical line outages based on N-1 contingency analysis, where the overloading criterion proposed in [18] is used to determine the critical lines. A discrete evolutionary programming (DEP) optimization technique is employed to determine the optimal splitting strategy using total minimal power disruption as its objective function. An optimal splitting strategy (cutsets) based on this objective function helps to reduce the topology change in the system after the islanding execution. The lower the total power disruption of the total transmission lines to be disconnected is, the better the islanding implementation will be. In this work, a network splitting strategy using graph theory is utilized to represent the physical connection of the power system network by means of graph drawing and to determine the transmission line to be disconnected. In addition, an initial cutsets based on a heuristic approach is introduced to assist the DEP optimization technique to find the optimal network splitting strategy. Through this approach, the search space of the possible islanding solutions can be reduced without any simplification process on the original network. The DEP optimization technique goes a step further by including the post-splitting steady state stability verification. The power balance is calculated in each island, and network reordering is carried out. A load shedding scheme is performed if power imbalances are detected in any island. Then, transmission line overloading analysis is executed to ensure that the network splitting solution is feasible without violating the transmission line loading capacity. The proposed splitting strategy is prepared for planning and secure control system action, which can guide and assist the operators to simulate and plan successful network splitting implementation.
The remainder of the paper is organized as follows. Section 2 reviews power system security and network splitting implementation. A detailed explanation of the proposed approach to find the optimal network splitting solution is given in Section 3. In Section 4, the proposed algorithm is tested on IEEE 118-bus systems to verify its performance. Finally, conclusion remarks for this work are carried out in Section 5.
Power System Security and Network Splitting
Power system security is defined as the ability of the power system to operate continuously in a secure manner despite any contingency. In other words, it represents the robustness of the system against imminent contingency or disturbance considering the operating condition of the system [19] . Meanwhile, contingency refers to an act of losing one or two important components (such as generators, transmission lines, or transformers) or a sudden increase in loads due to any failures or outages [20] .
The common assessment conducted for power system security is contingency analysis. In general, a power system is designed with N-1, N-2, or N-1-1 contingency. Hence, the system should continue to operate in a reliable way during a single component outage (N-1), two-component outage (N-2), or sequence outages (N-1-1) at a time. Nevertheless, certain severe outages may result in the violation of N-1, N-2 or N-1-1 contingency criterion, which will cause the system to experience system instability and system blackout problems. These outages may initiate cascading failures that eventually result in partial or total system blackouts.
Therefore, appropriate remedial actions such as protective devices tripping, load shedding schemes, generator rescheduling, and network splitting (intentional islanding) are carried out subject to the criticality of the contingency events to avoid further spreading of cascading failures. In certain cases, where the cascading failures can spread quickly due to critical component failures, network splitting will be the best option. Otherwise, the probability that the system experiences blackout is very high.
Network splitting is carried out by separating the system into islands. The main intention is to produce balanced and stable islands by disconnecting suitable transmission lines from the original network. Each island should be able to operate as a standalone island. It is important to ensure that network splitting implementation should not cause the islanded system to become unstable. Therefore, the following constraints must be fulfilled in order to produce balanced and stable islands [13] :
(a) Integrity constraints: All buses in an island must be connected as an incorporated subsystem. (b) Steady state constraints:
• Generation-load balance-Each island must operate within a proper generation-load balance. If the load demand is more than the supplied power, suitable load shedding is required to be carried out, and if the generations are more than the load demand, an appropriate generator rescheduling is required.
where P i,gen is the generated active power for line i, and P i,load is the supplied active power for line i.
•
Transmission line overloading-Transmission line loading should not violate the maximum allowable limit during splitting execution, as indicated by Equation (2):
where P i,line is the active power flow for line i, and P i,max is the maximum allowable limit of active power flow for line i.
Voltage limit-The voltage value for all buses must be within the allowable limit.
where V line is the operating voltage in system, V min is the minimum voltage value, and V max is the maximum voltage value.
(c) Dynamic constraints:
• Generator coherency-Generators in each island must be coherent and synchronized.
Voltage stability-Voltage stability in each island must be dynamically maintained • Frequency stability-Frequency stability in each island must be dynamically maintained.
The Proposed Approach
A new meta-heuristic approach in determining an optimal network splitting strategy following critical line outages based on N-1 contingency analysis is presented in this paper. The N-1 contingency analysis will provide a list of critical lines where, in the event of any failure on the line, serious cascading failures might occur. In this study, a DEP optimization technique is used to find the optimal splitting solution (cutsets) with the aid of initial cutsets obtained through a heuristic approach. A simple and practical load shedding scheme is introduced to ensure reliable island operation when any imbalance between generation and load is detected. The proposed strategy is illustrated in Figure 1 . In general, the strategy is divided into four main steps: N-1 contingency analysis; network modeling based on graph theory approach; initial cutsets using a heuristic approach; DEP optimization for an optimal network splitting solution. Descriptions and formulations for each step are further presented in the next section. 
N-1 Contingency Analysis
N-1 contingency analysis is performed to obtain the list of critical lines that will initiate cascading failures. An appropriate network splitting solution is provided for each critical line failure. The line is considered critical when it reaches its maximum overloads (MVA) of 130% [18] . This is expressed by Equation (4).
where Sij = critical loading on the edge between transmission line li and transmission line lj. For example, the red line (Line 9-10) in the IEEE 14-bus system as shown in Figure 2 is one of the critical lines (exceed 130% of its maximum limit) obtained from the contingency analysis. Contingency analysis shows that, if this line is disconnected from the system due to any outages occurring on the line, multiple cascading failures will occur. Therefore, proper network splitting is needed to prevent cascading failures once this line is disconnected from the system. 
N-1 contingency analysis is performed to obtain the list of critical lines that will initiate cascading failures. An appropriate network splitting solution is provided for each critical line failure. The line is considered critical when it reaches its maximum overloads (MVA) of 130% [18] . This is expressed by Equation (4) .
where S ij = critical loading on the edge between transmission line l i and transmission line l j . For example, the red line (Line 9-10) in the IEEE 14-bus system as shown in Figure 2 is one of the critical lines (exceed 130% of its maximum limit) obtained from the contingency analysis. Contingency analysis shows that, if this line is disconnected from the system due to any outages occurring on the line, multiple cascading failures will occur. Therefore, proper network splitting is needed to prevent cascading failures once this line is disconnected from the system. 
Network Representation-Based Graph Theory Approach
In general, a graph G(V,E) illustrates the relationship between a set of edges, E, and a set of vertices, V. A power system network can be represented as a graph model using graph theory. In modeling a power system network, the vertices, V, represent the major electrical components node (e.g., generators, buses, and load buses) and the edges, E, depict the transmission lines. An example of graph theory implementation on the IEEE 5-bus system is illustrated in Figure 3 [6] .
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In general, a graph G(V,E) illustrates the relationship between a set of edges, E, and a set of vertices, V. A power system network can be represented as a graph model using graph theory. In modeling a power system network, the vertices, V, represent the major electrical components node (e.g., generators, buses, and load buses) and the edges, E, depict the transmission lines. An example of graph theory implementation on the IEEE 5-bus system is illustrated in Figure 3 [6] . Referring to Figure 3a , the system contains five buses, three generators, four loads, and five transmission lines. The representation of an IEEE 5-bus system as a graph model is shown in Figure  3b . The vertices (v1, v2, v3, v4, and v5) refer to the bus nodes (generator or load) in the network, whereas the edges (e1, e2, e3, e4, e5 and e6) refer to the transmission lines. The two vertices are said to be adjacent if they are connected by the same edge. The adjacency matrix, A, can represent the connection of vertex i to vertex j, which is described as follows [21] :
where n = {1, 2, ..., le), le = the maximum number of edges in a system.
The network splitting strategy (for minimal power flow disruption) proposed in this study uses an undirected graph since the direction of the power flow is not considered; therefore, Aij = Aji = 1 if ( , ) ∈ . As the connection between the buses in the network is described by the adjacency matrix, its use in solving the network splitting strategy is essential.
Initial Cutsets Using a Heuristic Approach
In this work, suitable initial cutsets that are close to the final optimal splitting solution are computed using the proposed heuristic approach. The proposed heuristic method considers the number of islands and coherent groups of generators during initial cutsets determination. Through the proposed method, the search space of possible lines to be disconnected can be reduced and the convergence process can be accelerated. The first step in implementing the proposed approach is creating the backbone of the network by grouping the coherent generators into particular groups using the shortest path approach. Next, the nearest vertices (line) is assigned to the nearest coherent groups of generators. The line that lies in between the different group of generators is the cutset Referring to Figure 3a , the system contains five buses, three generators, four loads, and five transmission lines. The representation of an IEEE 5-bus system as a graph model is shown in Figure 3b . The vertices (v 1 , v 2 , v 3 , v 4 , and v 5 ) refer to the bus nodes (generator or load) in the network, whereas the edges (e 1 , e 2 , e 3 , e 4 , e 5 and e 6 ) refer to the transmission lines. The two vertices are said to be adjacent if they are connected by the same edge. The adjacency matrix, A, can represent the connection of vertex i to vertex j, which is described as follows [21] :
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where n = {1, 2, ..., l e ), l e = the maximum number of edges in a system. The network splitting strategy (for minimal power flow disruption) proposed in this study uses an undirected graph since the direction of the power flow is not considered; therefore, A ij = A ji = 1 if (i, j) ∈ E. As the connection between the buses in the network is described by the adjacency matrix, its use in solving the network splitting strategy is essential.
In this work, suitable initial cutsets that are close to the final optimal splitting solution are computed using the proposed heuristic approach. The proposed heuristic method considers the number of islands and coherent groups of generators during initial cutsets determination. Through the proposed method, the search space of possible lines to be disconnected can be reduced and the convergence process can be accelerated. The first step in implementing the proposed approach is creating the backbone of the network by grouping the coherent generators into particular groups using the shortest path approach. Next, the nearest vertices (line) is assigned to the nearest coherent groups of generators. The line that lies in between the different group of generators is the cutset candidate. The reason for making such a grouping is to ensure the easy coordination of coherent generators in controlling power generation for the loads in the island. Furthermore, this approach will group the coherent generators in the same island, which helps in maintaining the stability of each island after network splitting implementation. The shortest path between the vertices is found based on Djisktra's algorithm [22] . The detailed implementation of the approach is presented in Figure 4 .
candidate. The reason for making such a grouping is to ensure the easy coordination of coherent generators in controlling power generation for the loads in the island. Furthermore, this approach will group the coherent generators in the same island, which helps in maintaining the stability of each island after network splitting implementation. The shortest path between the vertices is found based on Djisktra's algorithm [22] . The detailed implementation of the approach is presented in Figure 4 . For a better understanding, the IEEE 14-bus test system is used to illustrate the process of initial cutsets determination using a heuristic approach. In this example, the coherent groups of generators are assigned as cohg_1 = {1, 2, 6} and cohg_2 = {3, 8}. An example of backbone formation of the two groups of coherent generators is shown in Figure 5a , the edges between different coherent groups, cohg, is the cutset as shown by the dashed line in Figure 5b , and the cutsets, CS = {CS2-3, CS2-4, CS4-5, CS9-10, CS9-14}, obtained is illustrated in Figure 5c . The dashed line is the initial cutset for the discrete optimization technique. 
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DEP Optimization for Network Splitting Solution
The DEP optimization technique is employed in this work because network splitting is a discrete problem in nature. The number of transmission line to be disconnected during splitting involves integer numbers (e.g., 1-3, 4-6, ..., etc.); thus, a continuous evolutionary programming approach utilizing floating numbers is not suitable in this study. Figure 6 shows the flowchart for the DEP technique applied in this work. 
The DEP optimization technique is employed in this work because network splitting is a discrete problem in nature. The number of transmission line to be disconnected during splitting involves integer numbers (e.g., 1-3, 4-6, ..., etc.); thus, a continuous evolutionary programming approach utilizing floating numbers is not suitable in this study. Figure 6 shows the flowchart for the DEP technique applied in this work. Referring to Figure 6 , a series of initial populations (parents), x i , is produced by manipulating the initial cutsets obtained using the heuristic approach explained in Section 3.3. The original initial cutsets is expended and reduced with a random edge value, A or B, from the solution space, S, as shown in Table 1 . This process is performed based on the possibility that the final optimal solution might have more or fewer lines compared with the initial cutsets. The solution space, S, is represented by the edges, E = {E m }, of the interconnected system where m = 1, 2, . . . , total no. of edges. The constraints considered in the optimization process are the coherent groups of generators and desired numbers of islands.
In this work, the minimal power flow disruption is used as the objective function to find the optimal network splitting strategy, as expressed in Equation (6) . The selection of this objective function will produce islands with improved stability [16] .
P i is the active power flow on the transmission line (i) in the cutsets that form the islands, and n line defines the total number of cutsets (transmission lines to be disconnected). The objective function Equation (6) is calculated for each initial population.
Next, the new populations (offspring), x i ', are generated by the mutation process on the list of initial populations, x i . For each candidate in the initial populations, the mutation process is performed by diagonally replacing the edge, X i , with a random edge value, N, from the solution space, S, as shown in Table 2 . This process helps to generate new offspring that are almost identical to the initial population. Then, the objective function for each offspring (cutsets) is calculated. Equation (6) is used and the constraints stated in the initialization part are utilized in the mutation part as well. The new populations (offspring) produced will be combined with the initial populations (parents) to enable the best population selection process. In this work, the combined populations are sorted in ascending order according to their calculated objective function (minimal total power disruption, P disrup ). The 10 best populations, x , will be selected as initial populations (parents) for the next iteration. The process of mutating the parents to produce the offspring continues until the maximum iteration is reached. The final list of the 10 best optimal solutions, x will be selected based on the minimal total power disruption, P disrup .
Network Reordering
In each step of the process, when the possible splitting solution is found, the network reordering needs to be carried out to enable the load flow analysis to be evaluated. This is based on the fact that, when the system was split, only one island had the slack bus, while the other islands had only PV buses and load. As such, a slack bus should be selected from the existing PV buses. For this study, slack buses are determined based on the PV bus that has the highest power rating capacity. This selection will allow the buses to generate extra power when required.
The Load Shedding Algorithm
There are two significant events that may occur after the implementation of network splitting: excessive power generation and shortage of power generation. In any case, the generation-load equilibrium has to be maintained to ensure the stability in each island.
If the generated power in the island, P gen , is greater than the load demand, P load , the network reordering is executed and the generator will adjust accordingly to meet the power balance equilibrium. When load demand (P load ) is greater than the generated power, P gen , the load shedding algorithm is initiated. The following steps describe the implementation of the load shedding algorithm:
(a) The power imbalance, P imb , in each island is calculated using Equation (7).
where P gen is the generated power in the island, and P load is the aggregation of all load and line losses in that particular island. (b) If a power imbalance is noticed in the island where the load demand is more than the total generation, the slack bus is tasked to compensate the generation deficiency. The slack bus can be raised up to its maximum limit of power rating, P max(slack) . However, after the slack bus power limit is raised to its maximum limit, and there are still power imbalances, then P imb will be eventually supplied by other generators in the island. The imbalanced amount is divided equally among the generators. (c) A load shedding algorithm will be implemented if a power imbalance is still detected, even if all the generators have reached its maximum limit. In this work, the load shedding scheme is implemented by removing the best combination of loads that correspond to the identified power imbalances.
Transmission Line Overloading Analysis
The transmission line overloading analysis is executed to identify which line has violated its maximum limit, P i,max , as expressed by Equation (2) . The proposed solution is considered optimal if no lines exceed the permitted limits. However, if the transmission lines violate the maximum allowable limit, then the algorithm will search for the next best splitting solution (refer to Figure 5 ).
Simulation Results and Discussion
The proposed network splitting algorithm was tested using the IEEE 118 bus system. The IEEE 118 bus system consists of 19 generators and 186 transmission lines. In order to validate the effectiveness of the proposed algorithm, modification on the generators limit was carried out. The algorithm was coded using MATLAB 10 (R2015a) on an Intel ® Core™ i7-5500U CPU at 2.40 GHz with 8 GB of RAM.
There were 13 critical cases obtained from the contingency analysis for the IEEE 118 bus system. However, only two cases of critical lines were taken as examples to be presented and discussed in this paper. The data on the coherent groups of generators was obtained from previously published work [14] . For each case, the system was divided into two islands with the coherent groups of generators: G 1 = {10, 12, 25, 26, 31} and G 2 = {46, 49, 54, 59, 61, 65, 66, 69, 80, 87, 89, 100, 103, 111} as shown in Table 3 . One of the critical lines obtained from contingency analysis was Line 4-5. Failure of this line was due to any fault or disturbance that caused other transmission lines to be overloaded and tripped; Line 5-11 (loading at 130.3967%), Line 8-30 (loading at 120.0123%), Line 5-6 (loading at 114.4148%), Line 8-9 (104.3694%) exceeded their maximum limit. These conditions sometimes led to cascading failures if further outages occurred.
In order to avoid the cascading failure due to the outage of Line 4-5, the proposed network splitting method was applied. Table 4 shows the initial cutsets of network splitting and its total power disruption, P disrup . The result in Table 4 depicts that the proposed approach was able to reduce the large initial search space of 186 possible transmission line combinations, which is 2 186 ≈ 9.80797 × 10 55 to 6 lines as an initial cutsets in Case A. The initial cutsets was used as initial populations in DEP optimization technique to reduce the searching space and speed up the convergence.
In this case, the DEP optimization technique reached convergence within 10 iterations. Thirty tests were repeated to ensure the consistency of the optimal splitting solution. As per the results shown in Table 5 , the system was divided into two islands: there were 46 buses on Island 1 and 72 buses on Island 2. The cutsets obtained in this case were 37-40, 39-40, 34-43, 38-65, 24-70, and 70-71, which resulted in the lowest minimal power disruption of 217.4137 MW. Generation-load balance in each island was essential after system splitting. In Island 1, although all generators reached a maximum power generation limit, the load demand could not be met. In other words, the total load demand was more than the total generation. As such, a load shedding scheme was initiated. The load shedding scheme was executed by shedding loads at Buses 11 and 20 (88 MW) to fulfill the generation-load demand balance in the island. This action was important to ensure the island was stable and balanced and can operate as a standalone island. In contrast to Island 1, the generation and load demand in Island 2 was balanced as their total P gen was greater than the total power required P load . Therefore, load shedding was not required, and power generation of all generators was adjusted to match the load demand. Finally, the transmission line overloading analysis was carried out for each island to ensure that transmission line overloading did not occur. The results obtained prove that the utilization of the discrete optimization technique helped to reduce the total power flow disruption from 240.8302 MW in the initial cutsets to 217.4137 MW in the final optimal splitting solution. The optimal network splitting solution for Case A is shown in Figure 7 . 
Case B: Outage of Line 38-65
Transmission line 38-65 is defined as one of the critical lines from contingency analysis conducted in this work. Tripping of this line caused other transmission lines to be overloaded and tripped; Line 30-38 (loading at 131.9215%), Line 23-32 (loading at 118.0462%), Line 23-32 (loading at 118.0462%), Line 8-30 (loading at 110.2112%), Line 42-49 (loading at 103.8735%), and Line 8-9 (loading at 103.5919%) exceeded their maximum limit. This scenario will initiate the cascading failures if further outages were to occur.
In preventing cascading failure due to the outage of Line 38-65, an approach similar to Case A was applied to Case B. By identifying the initial cutsets, the initial search space of 186 possible transmission line combinations, namely, 2 186 ≈ 9.80797 × 10 55 , was reduced significantly to 5 lines as illustrated in Table 6 .
In Case B, the DEP optimization technique reached convergence within 10 iterations. Thirty tests were repeated to ensure the consistency of the optimal splitting solution. The results (Table 7) show that the system split into two islands, where there were 42 buses on Island 1 and 76 buses on Island 2. The optimal network splitting solution (cutsets) obtained in this case was 23-24, 37-40, 39-40, and 34-43, which gave the lowest minimal power disruption of 116.6024 MW. It was essential to ensure that generation and load were balanced in each island after the system split. Although all generators in Island 1 reached the maximum power generation limit, load demand was higher than the total generation. As such, a load shedding scheme was initiated. The load shedding scheme was executed by shedding loads at Buses 13 and 16 (59 MW) to fulfill the generation-load-demand balance in the island. This action was important to ensure the island was stable and balanced and able to operate as a standalone island. In contrast to Island 1, the generation-load-demand in Island 2 was balanced, as their total Pgen was greater than the total power required Pload. Therefore, load shedding was not required. Utilization of the discrete optimization technique helped to reduce the total power flow disruption by 28% in the final optimal splitting solution. The optimal network splitting solution for Case B is as shown in Figure 8 . In preventing cascading failure due to the outage of Line 38-65, an approach similar to Case A was applied to Case B. By identifying the initial cutsets, the initial search space of 186 possible transmission line combinations, namely, 2 186 ≈ 9.80797 × 10 55 , was reduced significantly to 5 lines as illustrated in Table 6 .
In Case B, the DEP optimization technique reached convergence within 10 iterations. Thirty tests were repeated to ensure the consistency of the optimal splitting solution. The results (Table 7) show that the system split into two islands, where there were 42 buses on Island 1 and 76 buses on Island 2. The optimal network splitting solution (cutsets) obtained in this case was 23-24, 37-40, 39-40 and 34-43, which gave the lowest minimal power disruption of 116.6024 MW. It was essential to ensure that generation and load were balanced in each island after the system split. Although all generators in Island 1 reached the maximum power generation limit, load demand was higher than the total generation. As such, a load shedding scheme was initiated. The load shedding scheme was executed by shedding loads at Buses 13 and 16 (59 MW) to fulfill the generation-load-demand balance in the island. This action was important to ensure the island was stable and balanced and able to operate as a standalone island. In contrast to Island 1, the generation-load-demand in Island 2 was balanced, as their total P gen was greater than the total power required P load . Therefore, load shedding was not required. Utilization of the discrete optimization technique helped to reduce the total power flow disruption by 28% in the final optimal splitting solution. The optimal network splitting solution for Case B is as shown in Figure 8 . In order to validate the performance of the proposed algorithm, the results obtained from this work were compared with those obtained via the method proposed in [17] . All results are shown in Table 8 . The proposed algorithm eventually found an optimal splitting solution with less power flow disruption compared with the method in [17] . Specifically, the proposed DEP optimization technique for network splitting reduced the total power flow disruption by 18% and 62% respectively, from that obtained using the method presented in [17] . Thus, it is demonstrated that the proposed technique managed to find a splitting solution (cutsets) with a lower total power disruption. 
Conclusions
This paper presents a new strategy for power system network splitting subsequent to critical line outages based on N-1 contingency analysis. In the proposed strategy, the N-1 contingency analysis is conducted to identify a list of critical lines that can cause severe cascading failures. Graph theory is used to model the physical connection of the network and determine the splitting point, whereas a heuristic initialization approach is applied to reduce the search space of the possible splitting solution. Using this technique, the initial cutsets based on the coherent groups of generators available are identified. The initial cutsets goes through DEP optimization technique to determine the optimal network splitting solution while satisfying the stated constraints such as the generator's coherency, generation-load balance, and transmission line overloading. The approach In order to validate the performance of the proposed algorithm, the results obtained from this work were compared with those obtained via the method proposed in [17] . All results are shown in Table 8 . The proposed algorithm eventually found an optimal splitting solution with less power flow disruption compared with the method in [17] . Specifically, the proposed DEP optimization technique for network splitting reduced the total power flow disruption by 18% and 62% respectively, from that obtained using the method presented in [17] . Thus, it is demonstrated that the proposed technique managed to find a splitting solution (cutsets) with a lower total power disruption. 
This paper presents a new strategy for power system network splitting subsequent to critical line outages based on N-1 contingency analysis. In the proposed strategy, the N-1 contingency analysis is conducted to identify a list of critical lines that can cause severe cascading failures. Graph theory is used to model the physical connection of the network and determine the splitting point, whereas a heuristic initialization approach is applied to reduce the search space of the possible splitting solution. Using this technique, the initial cutsets based on the coherent groups of generators available are identified. The initial cutsets goes through DEP optimization technique to determine the optimal network splitting solution while satisfying the stated constraints such as the generator's coherency, generation-load balance, and transmission line overloading. The approach uses minimal power disruption as its objective function in finding the optimal network splitting solution. When islands are formed from the optimal cutsets, the network is checked based upon generation-load balance. A load shedding scheme is carried out if the power balance criterion in any island is violated. The proposed strategy was verified using an IEEE 118 bus system for two different cases. Numerical results show that the proposed splitting network algorithm has the ability to find an optimal solution with lower total power flow disruption, as highlighted in IEEE 118-Case B-where the algorithm was able to find an optimal splitting solution with lower total power disruption (62% lower) compared to the method presented in [17] . In conclusion, the proposed strategy was able to find an optimal network splitting solution for a large and complex power system and thus form balanced and stable islands.
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Abbreviations

DEP
discrete evolutionary programming N-1 single component outage N-2 two-component outage N-1-1 sequence outage P gen generated active power P load supplied active power P i,line active power flow for line i P i,max maximum limit of active power flow for line i V line voltage magnitude in system V max maximum voltage value V min minimum voltage value S ij critical loading on edge between transmission line l i and transmission line l j cohg_ j coherent groups of generators, j = 1, 2, ..., n, n = number of coherent groups of generators CS cutsets G graph theory E edges V Vertices A ij edge from vertex i to vertex j f(x) objective function P i active power flow, for line i n line total number of disconnected lines x i initial populations x 10 best populations x p final 10 best populations PV generator bus S solution space P imb power imbalance P max(slack) maximum power rating for slack bus load shed load shedding P disrup power disruption
